We studied the possibility of measuring invisible Higgs boson decays at CLIC running at 380 GeV and 1.5 TeV. The analysis is based on the WHIZARD event generation and fast simulation of the CLIC detector response with DELPHES. The approach consisting of a two step analysis was used to optimize separation between signal and background processes. First, a set of preselection cuts was applied; then, multivariate analysis methods were employed to optimise the significance of observations. We estimated the expected limits on the invisible decays of the 125 GeV Higgs boson, as well as the cross section limits for production of an additional neutral Higgs-like scalar, assuming its invisible decays, as a function of its mass. Extracted model-independent branching ratio and cross section limits were then interpreted in the framework of the vector-fermion dark matter model to set limits on the mixing angle between the SM-like Higss boson and the new scalar of the "dark sector".
Introduction
All available experimental results seem to confirm that the new particle discovered in 2012 by the ATLAS and CMS experiments at LHC [1, 2] is the last missing constituent of the Standard Model (SM), the Higgs boson. The Standard Model predicts that the Higgs boson with a mass of about 125 GeV should decay predominantly to bb (about 58% of all decays), but also to WW * (21%), ττ (6,3%) or ZZ * (2,6%) [3] . Some extensions of the Standard Model predict "invisible" Higgs boson decays -into new, not-observable particles. These particles could contribute to the Dark Matter (DM) density of the Universe. As of today, the best limits on invisible Higgs boson decays come from the CMS experiment -at 95% CL the branching fraction is less than 19% [4] . We study prospects for constraining invisible decays of the 125 GeV Higgs boson at a future experiment at CLIC. Among many theories introducing DM particles and predicting invisible decays of the SM-like Higgs boson, there is a group of "Higgs-portal" models which assume existence of additional fundamental scalars. These new particles could mix with the SM-like Higgs and thus open new decay channels of the SM-like 125 GeV state into DM particles. The new scalars, if they are relatively light, could also be produced in e + e − collisions in the process corresponding to the Higgstrahlung process in the SM: e + e − → ZH . We extend our search for invisible decays of the SM-like Higgs boson to the search for production and invisible decays of a scalar particle, H , with arbitrary mass. We then interpret our results in terms of the limits on the scalar sector mixing angle. We considered the Vector-fermion dark matter model (VFDM) [5, 6] , a simple extension of the Standard Model with one extra scalar, two Majorana fermions and one gauge boson.
Event generation and fast simulation of the detector response
Results presented in this paper are based on a realistic simulation of events, including fast simulation of the CLICdet [7] detector response. Signal and background event samples were generated using WHIZ-ARD 2.7.0 [8, 9] , taking into account the beam energy profile expected for CLIC running at 380 GeV and 1.5 TeV. As the signal, we considered the Higgs-strahlung process: Higgs boson production (with decay into an invisible final state) together with a Z boson decaying into a quark-antiquark pair. For the background, we studied processes both with and without Higgs boson production. For CLIC running at 380 GeV, the same integrated luminosity of data is expected to be taken with negative and positive electron beam polarisation. In our study we assume combined analysis of both samples, corresponding to 1000 fb −1 collected with unpolarised beam. At 1.5 TeV we consider the two polarisations separately, assuming 2000 fb −1 will be collected with -80% electron beam polarisation and 500 fb −1 with +80% polarisation [10] . Cross sections for each process considered 1 calculated by WHIZARD 2 and the number of generated events are shown in Table 1 (for 380 GeV running) and Table 2 (for 1.5 TeV).
To simulate detector response the fast simulation framework DELPHES was used [11] . Control cards prepared for the new detector model CLICdet [12] were modified to make Higgs particles 'invisible' in the simulation (ignored when generating detector response), so that the invisible Higgs boson decays can be modeled by defining the Higgs boson as stable in WHIZARD and PYTHIA. An event reconstruction begins with searching for isolated electrons, muons and photons (assuming reconstruction efficiency resulting from the full detector simulation). For CLICdet, DELPHES identifies isolated electrons and photons with energy of at least 2 GeV, and muons of 3 GeV. Jet clustering was carried out with the VLC [13] algorithm assuming minimal transverse jet momentum of 20 GeV. The values of R = 1.5 for 380 GeV running and R = 0.7 for 1.5 TeV CLIC were chosen as optimal for the VLC algorithm, with β = γ = 1. We require reconstruction of two hadronic jets, each with at least two charged particles. To take 1 For other final states with six fermions, eg.lν andνν, no events passed preselection cuts -these samples are therefore not included in the tables. 2 Statistical uncertainty of cross-sections was below 1% and has been neglected.
2 into account the effects of the beam-induced backgrounds, additional jet energy smearing is applied for jets reconstructed at 1.5 TeV. For central jets (|η| < 0.76) the overlay events are expected to result in an additional 1% jet energy smearing, while for more forward jets (|η| ≥ 0.76) 5% smearing is assumed [12] . 3 For CLIC running at 380 GeV effects of overlay backgrounds are expected to be negligible. 
Signal event selection

Preselection of events
A main purpose of the preselection is to remove all background events which are not consistent with the expected signature of the signal process. For the process e + e − → HZ → inv + qq, we expect to observe only two jets in the final state, with an invariant mass consistent with the mass of the Z boson. In the initial preselection step, all events which were not consistent with this signature were rejected. In particular, events with isolated leptons (electrons or muons) or isolated energetic photons (with energy greater than 5 GeV) were excluded. For a significant fraction of events, the difference between the energy sum of the reconstructed jets and the energy sum of all identified particles in the event was sizable, indicating an incomplete event reconstruction. To avoid such events, we require that this difference is less than 10 GeV.
In the next steps, quantities describing event topology were considered. First, we analyzed the distributions of parameters y 23 and y 34 describing the results of jet clustering with VLC algorithm. While the algorithm was forced to reconstruct two jets in each event, these distributions allowed us to distinguish actual two-jet events from events with a larger number of underlying jets in the final state. The distributions of -log 10 y 23 and -log 10 y 34 are shown in Figures 1(a) and 1(b), respectively. The double-peak structure clearly visible in the background sample of SM Higgs boson decays H SM corresponds to pure two-and four-jet events. The distribution for the other background channels is more uniform. For the signal sample, with two hadronic jets, we expect values of y 23 and y 34 to be relatively small. We selected events for which y 23 < 0.01 (-log 10 y 23 > 2.0) and y 34 < 0.001 (-log 10 y 34 >3.0).
The next quantity considered for the preselection of signal events was the invariant mass of the two jet final state -m di jet . It should correspond to the mass of the Z boson, so only events for which this value was in the range of 80-100 GeV were selected for further analysis. The distribution of invariant masses for each channel is shown in the Figure 1 (c). The peak visible in the channel of SM Higgs boson decays (H SM ) around 120 GeV corresponds to the process e + e − → HZ → qqνν which, considering only its topology (two jets and missing energy), is indistinguishable from the signal. We also studied the distribution of the dijet emission angle, θ , defined as the angle between the beam axis and a sum of the jet four-momenta (the emission angle of the Z boson for the signal events). For the majority of background events small emission angles are reconstructed, while for signal events the distribution is almost flat (angles close to 90 • are slightly preferred). Therefore, events for which | cos(θ )| was greater than 0.8 were excluded from the analysis. The distribution of cosine of the angle θ is shown in the Figure  1(d) .
The results of the preselection are presented in Tables 3 and 4 . Shown in Fig. 2 is the expected distribution of the so called recoil mass, the invariant mass of the Higgs boson produced together with the Z boson reconstructed after preselection cuts from the energy-momentum conservation for CLIC running at 380 GeV. For the background sample the distribution has two maxima: at around 300 GeV, which is the maximum recoil mass allowed (as we require two jets to have an invariant mass of at least 80 GeV) and at around 90 GeV, which is mainly due to invisible Z boson decays. For signal events, normalised in Fig. 2 to BR(H → inv) = 10%, the expected recoil mass distribution is consistent with the SM Higgs boson mass of 125 GeV. The slight shift of the maxima in the reconstructed recoil mass distributions towards higher mass values is due to the influence of the beam energy spectra (a significant fraction of events takes place at energy scales lower than the nominal one). 
Final selection
The second stage of the analysis was based on multivariate analysis and machine learning. The Boosted Decision Trees (BDT) [14] algorithm, as implemented in TMVA framework [15] , was used, with 1000 trees and 5 input variables. The following parameters were selected as the BDT input variables:
1. E jj -dijet energy, 2. m jj -dijet invariant mass, 3 . α jj -angle between the two reconstructed jets in the LAB frame, 4. m miss -reconstructed missing mass, 5. p miss t -missing transverse momentum.
The distributions of these variables for the signal and the background samples are shown in Figure 3 . Various sets and numbers of parameters were tested; the above choice was selected as optimal, resulting in the most efficient event classification. Distributions of the BDT algorithm response for considered signal and background event samples (after preselection cuts) are shown in Figure 4 . Consistent distributions obtained for training and test event samples confirm proper optimization of the BDT algorithm (no overtraining). Most of the background events can be easily distinguished from the signal, but there is also a significant contribution of background events for which BDT response values are positive, consistent with the response expected for signal events. This indicates that it is not possible to achieve full separation between the signal and the background processes. One should note that about 0.1% of SM Higgs boson decays result in fact in the invisible final state (H → ZZ * → νννν), which is included in the background sample considered.
In the final step of the analysis, we select the cut on the BDT response which gives the highest significance for the expected signal. The dependence of the signal significance at 380 GeV on the BDT algorithm response cut is shown in Figure 5 , for the signal sample normalised to BR(H → inv) = 1%. The highest significance for invisible Higgs decays at 380 GeV CLIC is obtained for a BDT response cut of about 0.07, corresponding to a BDT selection efficiency for signal events of about 60% and background rejection efficiency of about 90%. The same analysis procedure was applied for signal and background samples generated for CLIC running at 1.5 TeV, separately for two considered electron beam polarisation settings. Distributions of the BDT algorithm response for considered signal and background event samples (after preselection cuts) are shown in the Figure 6 . A similar level of signal-background separation is obtained for each polarisation. 8 
Results
As a result of the preselection and selection procedures presented in the previous section, expected numbers of background events and efficiency of signal event selection are obtained. These can be translated into a constraint on the invisible branching ratio of the 125 GeV Higgs boson. For the first stage of the CLIC accelerator, assuming that the measured event distributions are consistent with the predictions of the Standard Model, the expected 95% CL limit 4 is:
A significance above 5σ , necessary to confirm the discovery of a new decay channel (and therefore also existence of new, invisible particles), is expected for an invisible Higgs boson branching ratio above 2.7%. Presented results, based on the fast simulation of the CLICdet detector model, are consistent with results of the previous study [16] , BR(H → inv) < 0.94%, based on the full detector simulation, when the difference in the collision energy and integrated luminosity is taken into account. 5 The analysis procedure described above, developed to discriminate between the background of different SM processes and the signal of invisible Higgs boson decays was also used to estimate the expected sensitivity of CLIC experiment to production and invisible decays of a new scalar state. Signal simulation was based on the Standard Model implementation in WHIZARD (SM_CKM model), with the modified Higgs boson mass and width (according to SM predictions for given mass). Samples of events with production of the new, hypothetical scalar particle H with the emission of two quarks (e + e − → H Z → inv + qq) were generated for masses of the new scalar in the range 120-280 GeV (for the first stage of CLIC) and 150-1200 GeV (the second stage). As for the signal of SM Higgs boson invisible decays, the produced particle H was defined as stable in WHIZARD and PYTHIA to model its invisible decays. In this configuration, H is always produced in WHIZARD with the assumed mass, corresponding to the narrow-width approximation.
After application of the same preselection cuts, we used the BDT algorithm, with the same input variables, for the final signal event selection. The algorithm was trained separately for each signal sample (scalar mass). With the BDT response cut optimised for signal significance, we extract an expected limit on the cross-section for the production of the new scalar H as a function of its mass, assuming its invisible decays, BR(H → inv) = 100%. Obtained limits at 95% CL, relative to the expected cross section for the production of the SM-Higgs boson (for given mass), are presented as a function of the assumed scalar mass in the Figures 7(a) and 7(b) for 380 GeV and 1.5 TeV, respectively.
The results indicate that the experiment at CLIC will be able to exclude new scalar production with rate greater that 1% of the SM production cross-section for masses up to about 160 GeV (assuming only invisible decay channels). For higher masses the experimental sensitivity decreases mainly due to the decreasing production cross section.
For the second CLIC stage sensitivity to production and invisible decays of the light Higgs-like scalars is smaller than at 380 GeV, mainly due to the decreasing signal cross section and higher background levels. The expected limit on the invisible decays of SM Higgs boson is about 2.9%. Assuming the production cross section given by the SM predictions, the second stage of CLIC will be sensitive to the new 'invisible' scalars up to about 1 TeV. 
Interpretation
The expected limits on invisible decays of the 125 GeV Higgs boson and limits on the production of new "invisible" scalars, which were obtained in a model-independent approach, can also be used to constrain different BSM scenarios. As an example, we demonstrate the possibility of constraining parameters of the VFDM model [5, 6] . The Standard Model (SM) is extended by the spontaneously broken extra U(1) X gauge symmetry and a Dirac fermion. To generate mass for the dark-vector X µ the Higgs mechanism with a complex singlet S is employed in the dark sector. Dark matter candidates are the massive vector boson X µ and two Majorana fermions ψ ± . The spontaneous symmetry breaking in the dark sector results in an additional scalar state φ . This state can mix with the SM Higgs field h implying existence of two mass eigenstates:
where we assume that H is the observed 125 GeV state. If α 1, it is SM-like, but it can also decay invisibly (to dark sector particles) via the φ component (BR(H → inv) ∼ sin 2 α). If H is also light, it can be produced in e + e − collisions in the same way as the SM-like Higgs boson. We assume in the following that invisible decays to dark matter sector particles dominate for H (BR(H → inv) ≈ 100%). If this is the case, 6 the cross section for new scalar production corresponding to the limits presented in the previous section can be writen as:
where σ H is the cross-section for the production of a new scalar of mass m H , and σ the SM-like Higgs boson to SM particles are scaled by cos(α). In particular, the coupling of the Higgs boson to the Z bosons, g HZZ , is given by: g HZZ = g (SM) HZZ · cos(α) . It is expected that the experiment at 380 GeV CLIC will be able to measure g HZZ in a model-independent approach with an accuracy of 0.6% [10] . If no deviations from SM are observed, the resulting limit on the mixing angle in the VFDM model is:
This estimation bases only on measuring processes predicted by the Standard Model.
The mixing angle in the VFDM model can also be constrained by analysing the limit on the invisible branching ratio for the SM-like Higgs boson BR(H → inv). When the contribution of the H'H' decay channel can be neglected, the invisible partial width of the Higgs boson, Γ inv , is proportional to sin 2 (α), but depends also on other model parameters, in particular on the dark sector coupling constant, g x , the mass of the vector dark matter, m X , and the masses of the fermionic dark matter particles, m Ψ − and m Ψ + . 7 Constraints on the scalar sector mixing angle, resulting from the limits on the invisible decays of the SM-like Higgs boson expected at 380 GeV CLIC, are shown in Figure 9 . Expected limits on sin α, plotted as a function of the Ψ − particle mass, are based on the invisible decay widths 8 calculated with WHIZARD, for g x = 1 and m X = m Ψ + = 200 GeV. Also indicated is the expected indirect limit from g HZZ measurement at CLIC and the sin α limit corresponding to the limits on invisible Higgs boson decays from the CMS experiment, BR(H → inv) < 19% [4] . For masses of dark matter particles up to about 60 GeV, CLIC will allow to set much better constraints on the mixing angle in the scalar sector than it will be possible with indirect methods.
Summary
We studied the possibility of measuring invisible Higgs boson decays with CLIC running at 380 GeV and 1.5 TeV. The analysis is based on the WHIZARD event generation and fast simulation of the CLIC detector response with DELPHES. An approach consisting of a two step analysis was used to optimize separation Excluded -CMS Figure 9 : Expected limit on the sine of the scalar sector mixing angle, sin α, as a function of the Ψ − particle mass of the VFDM model, for CLIC running at 380 GeV. Indicated by the green curve is the limit corresponding to the current constraint, BR(H → inv) < 19%, from the CMS experiment [4] . The horizontal line indicates the indirect limit expected from the measurement of the g HZZ coupling.
between signal and background processes. The expected limit on the branching ratio for invisible Higgs boson decays is BR(H → inv) < 0.89%. This result is consistent with the previous analysis carried out with full simulation of the detector response. This shows that the fast simulation method used in the presented analysis should also be applicable to studies concerning new physics scenarios at CLIC. The branching ratio and cross section limits obtained in the model-independent approach can also be used to set limits on the different extensions of the Standard Model. In particular, constraints at the percent level can be set on the scalar sector mixing angle in "Higgs-portal" models.
